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Variation of photoabsorption cross section of atomic

silver from isolated to condensed conditions∗
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The influence of the local-field on the photoabsorption cross section of the atomic silver is studied in detail by

using the Clausius–Mossotti (CM) model and the Onsager model separately. The variations of the photoabsorption cross

section of atomic silver with number density and radius of the environmental interaction cavity are studied systematically

by using more general expressions for the photoabsorption cross sections, proposed by Sun et al recently. It has proved

to be reasonable to model the optical response properties of bulky material by coupling the property of isolated atom

with the environmental effects in the present work.

Keywords: condensed-phase photoabsorption, local field, dielectric constant, silver

PACC: 3280F, 3280, 3380E

1. Introduction

As the Dalton’s postulation states, atoms retain

their own identity even in chemical combinations with

other atoms. The optical response properties of mate-

rials are to a large extent governed by the properties

of individual atoms and to some extent by the inter-

actions with the neighbouring atoms.[1] Therefore, the

isolated atomic response properties and the perturba-

tions caused by the environmental interactions both

are needed in order to understand and interpret the

response property of the bulky materials. However,

most of the present theoretical methods have been

used to attempt the quantum-mechanical ab initio cal-

culations directly on the entire of the condensed sys-

tem. From the theoretical point of view, the quantum-

mechanical ab initio method can be applied to de-

scribing these sophisticated systems accurately, but

in reality, these ab initio methods can be carried out

accurately only for some small molecules, especially

for the isolated atoms. For bulky material systems, it

is still very difficult to perform the complete quantum-

mechanical ab initio calculations nowadays due to a

requirement for large computer resources. However,

the property of the individual atoms can be calcu-

lated accurately and easily by using the quantum me-

chanical ab initio method or obtained experimentally.

The environmental influence on the photoabsorption

cross section in the condensed matter might be mod-

elled by using some local field models with electron

overlap effects, the dipole-dipole interactions, the mul-

tipole interactions,[2−7] etc., therefore, coupling the

isolated atomic properties with the environmental ef-

fects would open a simple way to understand the re-

sponse properties of multiatomic systems. From this

very simple view, once the accurate photoabsorption

cross section of the isolated atom has been obtained,

the variation of the photoabsorption cross section from

the isolated state to the condensed conditions or mul-

tiatomic systems then can be represented by different

local field effects directly.

The influence of the interatomic interactions in

the condensed environments or at high density or at

high temperature on the photoabsorption cross sec-

tion has been a main research subject of the condensed

physics and the chemical physics.[8−11] In the present

work, the variations of the photoabsorption cross sec-

tion of atomic silver with number density in the dif-

ferent local field models under the Onsager model are

studied by using the new expressions of photoabsorp-

tion cross sections. These expressions can couple the

photoabsorption cross sections of the isolated atoms

with the environmental effects directly and can just re-

alize the above view. The element silver is always ap-

plied to the simulation experiments of the inertial con-

finement fusion due to its good conduction of heat and
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the high efficiency of the generation of the hard x-ray

converted from the interactions with the laser. So the

photoabsorption cross sections of silver under different

conditions such as at high density, at high tempera-

ture, etc., are urgently needed in these experiments.

However, most of the studies for the photoabsorption

cross sections of the atomic silver in ordinary states,

such as the isolated atoms,[12] solid silver,[13−16] and

many compounds and clusters of silver are performed

experimentally. Some of these studies have been sum-

marized by Henke et al.[17] There is almost no theoret-

ical result obtained especially by using the complete

quantum mechanical ab initio method for photoab-

sorption cross sections of the atomic silver systems due

to the limitation of the computer resources. The varia-

tion of the photoabsorption cross section of the atomic

silver from the isolated state to the solid, compound

and cluster states has already become an important

research subject for the physical theorists and exper-

imentalists. Obviously the quantum mechanical ab

initio calculations cannot be carried out due to com-

plexities and only the theoretical calculations with the

help of some interaction models can be performed for

these systems. In the present work, we try to combine

the accurate isolated atomic properties with local field

models of the system to study the variation of the pho-

toabsorption cross section of silver from the isolated

state to the condensed state in a unique way.

2. Coupling isolated atoms with

the modelled environments

The photoabsorption cross sections for isolated

atoms and molecules can be calculated usually by us-

ing the well-known expression[18]

σi(ω) =
4πω

c
ζ =

4πω

c
Im(α), (1)

where ζ is the imaginary part of polarizability α(ω)(=

η + iζ) of atom, and ω is the photon energy. In order

to study the influence of the macroscopic local field on

the photoabsorption cross section, one should couple

the macroscopic effect and the photoabsorption cross

section of an isolated atom, as expressed below:[19]

σ(ω) = DIF × σi(ω), (2)

where σ(ω) represents the cross section of an atom em-

bedded in some condensed matter, while σi(ω) denotes

the cross section of the same atom which is isolated

or in an ideal gas. The influence of the surround-

ing atomic interactions with the photo-ionized atom

on the photoabsorption cross section can be easily in-

vestigated by using the so-called dielectric influence

function (DIF)[19]

DIF =
1

2
√

2πNζ

√

√

ε′2 + ε′′2 − ε′, (3)

where N is the number density and ε(= ε′ + iε′′) is

the complex dielectric function. Expression (2) will be

identical with Eq.(1), if an atom in an ideal gas and

only the first order of the series expansion of Eq.(3)

are taken into consideration.

In the present work, the influence of the macro-

scopic local field on the photoabsorption cross sec-

tions in the Clausius–Mossotti model and the On-

sager model has been investigated separately in detail

by using the above method. Nowadays, the accurate

photoabsorption cross section σi of the isolated atom

can be easily obtained by using some quantum me-

chanical ab initio methods or from some experimen-

tal databases. In order to obtain the photoabsorption

cross section σ of atom embedded in a medium from

the σi of the isolated atom, one must know the re-

lation between the dielectric constant of matter and

the polarizability of atom according to expression (3).

These relations can be obtained by using some local

field models. For most of the liquids and some sim-

ple solids, the dielectric constants ε can be related to

atomic polarizabilities by using the Clausius–Mossotti

(CM) model and expressed as

ε = 1 +
4πNα

1 − 4πNα/3
(4)

and by using the Onsager model and expressed as

ε = 1 + 4πNα
3ε

2ε + 1 − 2α/r3(ε − 1)
, (5)

separately. The variable r in expression (5) can be

taken as the interaction radius of local cavity, and

usually it is taken as the distance between atoms.

The imaginary part ζ and the real part η of po-

larizability can be calculated in practice from the pho-

toabsorption cross section σi(ω) of ideal gas or isolated

atom as

ζ(ω) =
c

4πω
σi(ω), ω > 0 (6)

and from the Kramers–Kronig relation as

η(ω) =
c

2π2
P

∫ ∞

0

σi(ξ)

ξ2 − ω2
dξ (7)

respectively, where the variable ξ is also the photon

energy and P indicates the Cauchy principle part of
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the integral. The main obstacle to the practical appli-

cation is that the Hilbert transform in expression (7)

must be performed over infinite limits. However, the

measurements provide values of photoabsorption cross

section σi only over some finite frequency range. Trun-

cation of the integration in the computation of the

Hilbert transform expression (7) can yield a compu-

tational error in calculating the real part in the mea-

sured frequency range. At the same time it is also dif-

ficult to analyse the error introduced from the Hilbert

transform in expression (7). This problem cannot be

solved thoroughly unless the missing photoabsorption

cross sections are supplied. In order to avoid the com-

putational error introduced by expression (7), we use

the Lorentz model of the polarizability in which the

real part and the imaginary part of polarizability sat-

isfy the Hilbert transform instead of the infinite in-

tegral. If the photoabsorption cross section σi of the

isolated atom is given, one can calculate the corre-

sponding imaginary part of polarizability by using ex-

pression (6), and then use the Lorentz function as the

basis function to fit the known imaginary part[20]

ζ(ω) =
c

4πω
σi(ω) =

M
∑

i=1

Ai

π
·

γi

2

(ω − ωTi)2 +

(

γi

2

)2 .

(8)

M sets of parameters (Ai, ωi, γi) can be determined

then. Substituting these M sets of parameters into

η(ω) =
M
∑

i=1

Ai

π
·

−(ω − ωTi)

(ω − ωTi)2 +

(

γi

2

)2 (9)

for a given ω, one can obtain the corresponding real

part of the polarizability.

The most important innovation of these new ex-

pressions is coupling the local field effects with the

isolated atomic properties distinctly. Using this gen-

eral expression of the photoabsorption cross section,

the variation of the photoabsorption cross section from

the isolated state to the condensed state can be eas-

ily investigated. However, there are still two impor-

tant factors which can influence the accuracy of the

theoretical results greatly. One of them is the ac-

curacy of the local field model for the actual mul-

tiatomic systems. The more correct the local field

model of the condensed matter is, the more accurate

the photoabsorption cross sections obtained from this

expression will be. The other is the influence of the in-

tegral instability of the Kramers–Kronig transforma-

tion on the photoabsorption cross section. Although

the present algebraic fitting process, instead of the

integral process, can work well, the accuracy of the

photoabsorption cross section will be very sensitive to

the fitting process: sometimes the theoretical results

are wrong thoroughly. Searching for more correct lo-

cal field model and more accurate integral method for

Kramers–Kronig transformation is the key point to

use these alternative expressions.

3. Application and discussion

The imaginary part of the polarizability of atomic

silver has been obtained directly by using the photoab-

sorption cross section[17] of the experimental ideal gas

from expression (6). The real part of the atomic polar-

izability can be calculated by using several methods.

In our previous calculations for the atomic silver,[19,21]

the real part of the polarizability has been calculated

from expression (7) by using some Kramers–Kronig

transformation codes with the direct truncation of the

integral in some limited interval. Some result[21] are

in good agreement with the measurements. However,

the real parts of the polarizability calculated usually

by using the famous Kramers–Kronig transformation

from the photoabsorption cross sections of the iso-

lated atoms are very sensitive to the implementation

method of the infinite integral.[20] One cannot deter-

mine how reliable these calculations are. Especially

in the high density conditions, the variation of the

photoabsorption cross section with number density is

always sensitive to the sign of the real part of the

polarizability. Usually the different model functions

used in the interpolation process for the integrand

will give out the different signs of the infinite integral.

In the present work, the real part of polarizability is

determined by Eq.(9) with parameters which are ob-

tained through performing the multiparameter least-

squares fitting to the experimental imaginary part of

the polarizability.[20] The present procedure will avoid

the errors originating from the Kramers–Kronig trans-

formation. In this section, we study the variation of

the photoabsorption cross section of atomic silver from

the isolated state to the condensed condition in the

Clausius–Mossotti model and the Onsager model. For

some simple solids and most of the liquids, these mod-

els have proven to be very good to describe the local

fields around the target atoms.

Figure 1 shows the present theoretical photoab-

sorption cross section in a photon energy region of
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30–200eV in the CM model with the number densi-

ties varying from 1.0 × 10−6a−3
0 (corresponding to an

ideal gas condition) to 1.0×10−1a−3
0 (even larger than

the number density of the solid silver). The com-

plex dielectric constant ε(= ε′ + iε′′) in expression

(4) can then be calculated from the above complex

atomic polarizability with different number densities.

A great change of the photoabsorption cross section

with number density occurs in an energy region be-

low 125 eV compared with the experimental photoab-

sorption cross section of the ideal gas. In a region

above 125 eV, there is almost not any variation of the

photoabsorption cross section as number density in-

creases except in the highest density condition where

there is no physical meaning for silver atoms. So one

should pay attention only to the change law of the

photoabsorption cross section with number density in

an energy range below 125 eV. In this energy region,

the number density is below about 0.03a−3
0 , and the

photoabsorption cross section increases smoothly as

number density increases from 10−6a−3
0 to 10−4a−3

0 .

Then, as the number density increases continuously,

the variation begins to increase dramatically and at

about 0.03a−3
0 , the photoabsorption cross section at

the lowest energy reaches a maximum. Then the pho-

toabsorption cross section begins to decrease dramat-

ically but it is still larger than that of the ideal gas

in a low energy region. Finally as number density

reaches about 0.04a−3
0 , the photoabsorption cross sec-

tion in the whole energy region is less than that of

the ideal gas and will not vary any more. The change

law of the photoabsorption cross section with num-

ber density in the CM model has also been studied

in our previous work.[7,21] But the real part of the

polarizability has been calculated by the truncation

of the integral of expression (7). The behaviour is

very different from that of the present results and that

variation is the most like that of the highest num-

ber density part of the present behaviour in an above

0.03a−3
0 energy region. So the change law of the pho-

toabsorption cross section is very sensitive to the way

of performing the Kramers–Kronig transformation in-

finite integral. Unfortunately, the different ways of ex-

ecuting the Kramers–Kronig transformation will give

very different real parts, which can significantly af-

fect the variation of the photoabsorption cross section

with number density especially in the case of higher

number density. The Kramers–Kronig transformation

infinite integral is a bottleneck in applying these gen-

eral expressions to the study of the condensed-phase

photoabsorption processes. Some more accurate im-

plementations of Kramers–Kronig transformation and

self-consistent procedures for the complex atomic po-

larizability must be needed urgently in our present and

future studies.

Fig.1. Variation of the energy-dependent photoabsorp-

tion cross section of atomic silver with number density in

the Clausius–Mossotti model.

The variation of the photoabsorption cross section

with number density in a range from 1.0×10−6a−3
0 to

2.0 × 10−2a−3
0 in the Onsager model with the cavity

radius r = 5.46a0 is shown in Fig.2. The radius of

the interaction cavity is taken from the bond length

in AgAg[22] which can be considered as the average

spacing between Ag atoms in solid. Surprisingly for

the same real and imaginary parts of the atomic polar-

izability, the general variation of the photoabsorption

cross section at a glance is very different from the be-

haviour in the CM model. In order to analyse the vari-

ation of the photoabsorption cross section with num-

ber density, one can divide the whole energy region

into three parts. For the lowest energy region, as num-

ber density increases, the photoabsorption cross sec-

tion decreases continuously and slowly. In the second

energy region, i.e. the resonance peak of the photoab-

sorption cross section, the details of the variation in

this region are essentially different in these two mod-

els. At the same time, one can notice that the DIF can

strongly affect only the photoabsorption cross section

near the resonance structure in the Onsager model. In

this resonance region, the photoabsorption cross sec-

tion becomes larger and larger as number density in-

creases. The resonance position also shifts toward the

higher energy region and the width of the resonance

becomes more and more broad as number density in-

creases. This accords with the actual phenomena in

condensed matters, such as line broadenings and spec-

tral shifts of optical spectra of atoms in condensed



No. 4 Variation of photoabsorption cross section of atomic silver . . . 1455

states which contain the information on both the dy-

namics of liquid and the interatomic interactions. In

the region far from the resonance, the photoabsorp-

tion cross section decreases slowly as number density

increases, and in the highest energy region, the lo-

cal field has almost no effect on the photoabsorption

cross section any more. Compared with results ob-

tained in the CM model, the results acquired in the

Onsager model are much close to those obtained from

solid experiments and show the correct behaviour that

is dependent on actual condition of the experiments.

The resonance peak in the CM model shifts toward

the lowest energy region and the width becomes nar-

rower and narrower as number density increases. This

behaviour is opposite to the actual phenomena in con-

densed matters, and obviously it is wrong. Using these

two models yields the theoretical results that are al-

most the same as the results obtained from ideal gas

experiment in number density of the ideal gas. That is

to say, the CM model and the Onsager model are both

convergent to the ideal gas model as number density

approaches to that of the ideal gas.

Fig.2. Variation of the energy-dependent photoabsorp-

tion cross section of atomic silver with number density in

the Onsager model with r = 5.46a0.

In Fig.3, we present the results where the pho-

toabsorption cross section is varying with radius of

cavity or spacing between atoms in a range from

0.1a0 to 10a0 at the number density of solid N =

8.69 × 10−3a−3
0 in the Onsager model. The size of

the radius of cavity represents in general the magni-

tude of the interactions between atoms in a condensed

matter. The theoretical study shows that in a higher

photon energy region, about in 160–200eV for silver,

these interactions have almost no effect on the pho-

toabsorption cross section of the ideal gas and the

photoabsorption cross section almost does not depend

on cavity radius any more. In the lower photon energy

region, near the resonance structure and the threshold

region, the characteristic of the variation of the pho-

toabsorption cross section along the radial direction

can be sorted into three parts. When the radius of the

cavity is larger than about 6a0, the photoabsorption

cross section varies very weakly as the radius decreases

from 10a0. This is because for these spacings between

atoms, the interactions are very weak and have almost

no local field effect on the photoabsorption cross sec-

tion. But when the radius is greater than 6a0, about

in a region of 6a0−2a0, the photoabsorption cross sec-

tion changes quickly as the radius varies from 6a0 to

2a0 and reaches a maximum at about 3a0. Then the

photoabsorption cross section decreases dramatically

in a lower energy region from 3a0 to 2a0. When the

radius is less than 2a0, the photoabsorption begins to

decrease slowly in the lower photon energy region and

begins to increase in the higher energy region as the

radius continuously decreases. Finally, for the small-

est radius, the photoabsorption in the whole energy

region does not vary with photon energy any more.

As the radius of cavity decreases, i.e. the interac-

tions between atoms become more and more strong,

the theoretical result in low energy region will become

decreasing and more and more close to the case of

solid experiment. The variation of the photoabsorp-

tion cross section with radius follows the same law as

the variation of the photoabsorption cross section with

number density. As the radius decreases, the interac-

tion between atoms becomes more and more strong,

and the photoabsorption cross section in the thresh-

old energy region will be more and more close to the

case of solid experiment in solid number density and

radius.

Fig.3. Variation of the energy-dependent photoabsorp-

tion cross section of atomic silver with radius of cavity in

the Onsager model with N = 8.69× 10−3
a
−3

0
.
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In Fig.4, the photoabsorption cross sections of the

ideal gas experiment, denoted by symbol “×”,[17] and

those from the solid phase experiment, represented by

symbol “◦”,[13] are compared with the present the-

oretical results. These theoretical results are cal-

culated from the same atomic polarizabilities which

are calculated from the ideal gas experimental data

and Kramers–Kronig transformation through using

our general expressions in the CM model and the On-

sager model separately. All of these theoretical pho-

toabsorption cross sections will be convergent to the

gas experimental results denoted by symbol “×” in

the ideal gas number density shown in the foregoing

figure. In the number density N = 8.69 × 10−3a−3
0 of

solid silver, the theoretical photoabsorption cross sec-

tions in the CM model are not considerably different

from those obtained from the ideal gas experiments.

When the number density is larger than that of solid

state, the CM theoretical results begin to have the

same structures as those from the solid experiments.

For the Onsager model with the radiusr = 5.46a0,

as number density increases, the position of the reso-

nance shifts toward the higher energy region and the

width becomes broader and broader. At the solid

number density, when the radius of cavity becomes

small, for example, r = 1.50a0, the results obtained

in the Onsager model are in good agreement with the

measurements from the solid experiments and have al-

most the same behaviour as the results obtained in the

CM model at N = 4.69×10−2a−3
0 . Compared with the

results obtained in the CM model, the results obtained

in the Onsager model are close to those obtained from

the solid experiments and show the correct behaviour

that is dependent on the actual experimental condi-

tion. The Onsager model is even more correct than

the CM model in solid number density. However the

difference between the theoretical results and the mea-

sured results from solid experiments is still large. This

indicates that the interactions in the cavity could not

represent all of the interactions acting on the photoab-

sorption atoms and more local field effects should be

considered.

Fig.4. Comparisons between photoabsorption cross sections obtained from the ideal gas experiment and

the solid phase experiment and the present theoretical results.



No. 4 Variation of photoabsorption cross section of atomic silver . . . 1457

4. Conclusion

In the present work, the variations of the pho-

toabsorption cross section of atomic silver with num-

ber density and radius of cavity of macroscopic local

field model are studied. All of these models involved

in the present paper can be applied successfully to cal-

culating the photoabsorption cross sections of atoms

under ideal gas condition. This is because the expres-

sion of the photoabsorption cross section of atom in

a medium will converge to the expression of isolated

atom, i.e. expression (2) approaches to expression (1),

when the number density tends to that of an ideal gas.

This indicates that the present expression (2) for the

photoabsorption cross section is reasonable and more

general than expression (1). The well-known expres-

sion (1) is only the first-order approximation of ex-

pression (2) and can be applied only to the isolated

atoms or an ideal gas. When the number density is

greater than that of the ideal gas, the law of photoab-

sorption cross section varying with number density is

different from those for different local field models.

The general expression gives out the correct variation

of the photoabsorption cross section of atomic silver

from the isolated state to the condensed matter. The

present study not only can give a new reasonable way

to study the condensed photo-ionization and excita-

tion processes of atoms in special conditions at atomic

and molecular levels, but also can obtain the accurate

models and data which will be used in some other im-

portant scientific researches.
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